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Abstract 
  
Iron oxides are among the most abundant materials on earth and yet there are some of their 
basic properties which are still not well established. Here, we present temperature-dependent 
magnetic, X-ray and neutron diffraction measurements refuting the current belief that the 
magnetic ordering temperature of ε-Fe2O3 is ~500 K, i.e., well below that of other iron oxides 
such as hematite, magnetite or maghemite. Upon heating from room temperature, the 
saturation magnetization of ε-Fe2O3 nanoparticles undergoes a monotonic decrease while the 
coercivity and remanence sharply drop, virtually vanishing around ~500 K. However, above 
that temperature the hysteresis loops present a non-linear response with finite coercivity, 
evidencing signs of ferrimagnetic order up to temperatures as high as 850 K (TN1). The 
neutron diffraction study confirms the presence of ferrimagnetic order well above 500 K with 
Pna'21' magnetic symmetry, but only involving two of the four Fe3+ sublattices which are 
ordered below TN2≈480 K, and with a reduced net ferromagnetic component, that vanishes at 
above 850 K. The results unambiguously show the presence of a high-temperature magnetic 
phase in ε-Fe2O3 with a critical temperature of TN1  850 K. Importantly, this temperature is 
similar to the Curie point in other iron oxides, indicating comparable magnetic coupling 
strengths. The presence of diverse magnetic phases is further supported by the non-
monotonic evolution of the thermal expansion. The existence of a high-temperature 
ferrimagnetic phase in ε-Fe2O3 may open the door to further expand the working range of this 
multifunctional iron oxide. 
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I. INTRODUCTION 
Iron oxides constitute an exceptional family of materials that have been studied for many 
decades, because they present fundamental interest and proved and promising applicability for 
new technologies based on biochemical, magnetic, catalytic or multiferroic properties.1-4      
Apart from the amorphous Fe2O3, Iron (III) oxide shows four known polymorph crystal 
structures: - Fe2O3 (hematite), -Fe2O3 and - Fe2O3 (maghemite) and -Fe2O3.5 While 
hematite is the most common phase, -Fe2O3 is the most elusive and one of the less studied 
polymorphs. This is because its formation requires the mutually exclusive conditions of high 
temperatures and small sizes.6-8 The use of sol-gel methods with Si alcoxides and Fe salts 
made it possible to confine Fe2O3 nanoparticles in a silica matrix to prevent their growth while 
annealed above 1000ºC, allowing, for the first time, to obtain virtually pure -Fe2O3, opening 
the door to the study of this rare polymorph.9-11 The structural characterization evidenced a 
complex non-centrosymmetric Pna21 structure isomorphous to the multiferroic GaFeO3, with 
four Fe sites in the asymmetrical unit: three in octahedral and one in tetrahedral 
environments.8 The magnetic studies revealed an unexpected huge room temperature 
coercivity: 20 kOe, making it the transition metal oxide with the highest coercivity and an 
appealing material for the next-generation high-density magnetic recording media, high-
frequency electromagnetic wave absorbers or a building block for exchange coupled 
permanent magnets.12-15 Moreover, other important functionalities of -Fe2O3 are related with 
its magnetoelectric16 and multiferroic properties.4 These properties, quite unique among single 
metal oxides, stem from the structural features specific to this polymorph, in spite of being 
considered a structural intermediate between α-Fe2O3 and γ-Fe2O3. Its structure produces a 
rich temperature-dependent diagram of magnetic phases. Between TC = 500 K and TN2 = 150 
K, -Fe2O3 exhibits a collinear ferrimagnetic structure due to the antiferromagnetic (AF) 
coupling (parallel to the a-axis) between dissimilar magnetic sublattices. This oxide then 
presents a broad low-temperature incommensurate magnetic transition starting at 150 K 
(ICOM1)17-18, characterized by a large reduction of the coercivity, the remanent and the 
saturation magnetization17. Under further cooling, below TN3 ≈ 85 K, a second 
incommensurate magnetic order (ICOM2) takes place.13 Noticeable anomalies in the 
dielectric permittivity were reported in conjunction with these two successive transitions16. In 
addition, significant magnetostriction effects were observed in the interval 85-150 K where 
magnetic changes take place and spin-lattice coupling brings about atomic shifts within the 
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orthorhombic cell and a non-monotonous evolution of the Fe-O bonds19. A nonzero orbital 
magnetic moment (mL ~ 0.15 B/Fe at RT under 40 kOe) was detected by x-ray magnetic 
circular dichroism (XMCD) in the hard collinear ferrimagnetic phase (150 K < T < 490 K), 
which is suppressed by the magnetostructural changes concurrent with the magnetic 
transitions within the 85-150 K interval.15 On cooling, the coercive field drops in that interval 
from 20 kOe to 0.8 kOe, and then increases again under further cooling in the low-
temperature magnetic phase (ICOM2), below 85 K. 14 Likewise, a reentrant behavior of the 
orbital moment was also monitored by XMCD in the low temperature magnetic phase. 14 The 
concurrent magnetostructural changes in the coordination polyhedra around Fe3+ sites and the 
reentrant evolution of the orbital moment should be seen as the signature of a relevant spin-
orbit coupling in this magnetoelectric compound. Finally, the RT coexistence of 
ferrimagnetism and ferroelectricity, albeit with a small magnetocapacitance response, in thin 
epitaxial films of ε-Fe2O3 further highlights the relevance of magnetoelastic couplings in this 
system, for which possible multiferroic properties in bulk form are still a subject of debate. 
Importantly, although the Curie temperature of ε-Fe2O3 has been postulated as TC  500 K, 3, 
11, 20-23 no systematic studies of the magnetic properties above this temperature can be found 
in the literature.  
Using diffraction and magnetometry techniques, we have investigated the magnetic and 
magnetostructural properties of -Fe2O3 nanoparticles at high temperatures (T >500 K). The 
results evidence that contrary to the established scenario, -Fe2O3 remains ferrimagnetic up to 
at least T = 850 K, although with a reduced magnetization and a moderate coercivity.  
          
II. EXPERIMENTAL DETAILS    
In order to have a good signal to noise ratio in neutron diffraction studies it is desirable to 
perform measurements using more than 1.5 g of -Fe2O3 (ideally obtained in a single 
synthesis). Thus, we prepared a silica gel containing 28 wt.% Fe2O3 from an hidroethanolic 
sol of tetraethyl orthosilicate (TEOS) of molar composition TEOS:Ethanol:water=1:5:6 
containing dissolved iron nitrate nonahydrate.  First, 5.4 ml of milliQ water and 26 ml of 
absolut ethanol (Panreac) were added to a 100 ml beaker and stirred for 5 min. Then, the 
10.60 g of iron nitrate (Aldrich) were dissolved and the solution which attained a pH ~0.35. 
Finally 20 ml of TEOS (Aldrich) were added dropwise to the solution under stirring (~200 
rpm). The stirring, with the beaker covered, was maintained for 20 minutes after adding the 
TEOS.  The sol was then distributed in 6 cm diameter petri dishes, attaining a level of 2-4 
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mm, which were placed in a plastic box, closed with its cover but not hermetically sealed, 
and placed in chemical hood at 23 ºC. Gelation took place in about two weeks. The gels were 
removed from the petri dishes, allowed to dry and subsequently grinded in a ceramic mortar 
to be further dried at 60 ºC in a stove. Then the xerogels were placed in an alumina boat and 
treated in a tubular furnace in air atmosphere at 200ºC/h to 450ºC and then to 1100ºC at 80 
ºC/h, and were held for 3 h at this temperature before being cooled to room temperature at 
350 ºC/h.  About 7.5 g of SiO2/ε-Fe2O3 composite were obtained. The resulting material 
consisted of single crystalline -Fe2O3 nanoparticles embedded in a silica matrix with an 
average diameter of around 20 nm as observed by transmission electron microscopy. The 
silica was etched in hot (80ºC) concentrated NaOH aqueous solution (12 M). For this purpose 
a round bottomed flask was filled with 180 ml of distilled water in which 76 g NaOH were 
dissolved, then about 5 g of SiO2/ε-Fe2O3 composite were added to it and stirred overnight in 
a hot plate set at 80 ºC using a water refrigerated condenser to avoid evaporation of water and 
a silicone oil bath to maintain an homogeneous temperature around the flask. Then the 
suspension was centrifuged at 6000 rpm for 2 min and the supernatant was discarded. The 
collected solid was re-dispersed in water and the centrifugation was repeated twice. Finally 
the tubes used for centrifugation were placed in a stove at 60ºC and about 1.5 g of ε-Fe2O3 
nanoparticles were collected after drying.   
The quality of the samples was assessed by transmission electron microscopy, magnetic 
measurements and x-ray diffraction, as reported earlier6, 17. Synchrotron x-ray powder 
diffraction patterns (SXRPD) were collected at the BL04-MSPD beamline24 of the ALBA 
Synchrotron Light Facility (Barcelona, Spain) using λ= 0.41284(6) Å. Patterns were recorded 
every 90 s by the MYTHEN position sensitive detector while warming the sample from 300 
up to 923 K at a rate of 3 K/min. The working temperature was set using a CYBERSTAR hot 
air blower. Neutron powder diffraction (NPD) patterns were collected using the high-
intensity, high-resolution D2B diffractometer of the Institute Laue-Langevin (ILL, Grenoble), 
between   room temperature (RT) and 850 K (λ=1.594 Å). Structural and magnetic Rietveld 
refinements were carried out using the Fullprof program25. Crystallographic tools from the 
Bilbao Crystallographic server26-28 and ISOTROPY Software Suite29 were also used. 
 
   The magnetic characterization, using dc and ac magnetic fields, was performed with the as-
prepared -Fe2O3 nanoparticles embedded in SiO2, using a Superconducting Quantum 
Interferometer Device (SQUID) and a Vibrating Sample Magnetometer (VSM) in a Physical 
Properties Measuring System (PPMS) both from Quantum Design. For the VSM 
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measurements the -Fe2O3/SiO2 material was mixed with a high-temperature alumina cement. 
The use of -Fe2O3/SiO2 composite instead of -Fe2O3 was necessary to avoid the 
transformation of -Fe2O3 to magnetite due to high temperatures and the vacuum environment 
during the measurements.  The ac-susceptibility measurements were performed at 30 Hz and 
1 kHz with a magnetic field amplitude of 4 Oe from 300 K to 750 K. The temperature 
dependence of the magnetization, M, was studied after zero field cooled (ZFC) and FC 
conditions under a dc field of 1 kOe from 300 to 900 K. Hysteresis loops were obtained 
between 900K and 300 K with a maximum applied magnetic field of 70 kOe.   
 
III. RESULTS AND DISCUSSION 
First it is worth emphasizing that the orthorhombic Pna21 structure was stable up to the 
highest temperature reached (923 K). Namely, no transition to other more stable iron oxides 
(e.g., α-Fe2O3 or γ-Fe2O3) has been observed up to that temperature. The structural 
parameters of ε-Fe2O3 and agreement factors from the refinement of SXRPD patterns 
obtained at 305 K and 510 K can be seen in Table I. Figure 1(a) displays a projection of the ε-
Fe2O3 non-centrosymmetric Pna21 structure, composed of four different Fe sites in the 
asymmetrical unit cell, three octahedral and one tetrahedral environments. The coordination 
octahedra  Fe1O6 and Fe2O6 are largely distorted, Fe3O6 is a regular octahedron and Fe4O4 is 
the tetrahedron. For clarity we will use the Fe1d, Fe2d, Fe3r, Fe4t atomic labels where "d", 
"r" and "t" refer to "distorted", "regular" and "tetrahedral" polyhedral coordination , 
respectively.  
The presence of very minority impurities was carefully explored by a detailed examination of 
high intensity synchrotron patterns. We detected a 2.3(9)% in weight of -Fe2O3 (hematite) 
as impurity phase in our nanograin ceramic samples of -Fe2O3 (corresponding to the bottom 
row of bars in the refined synchrotron pattern shown in Fig. 1(b)). This corresponds to a 0.7 
wt. % in the SiO2/Fe2O3 composite used for magnetic measurements.  
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Figure 1. (a) Crystallographic projection of ε-Fe2O3. The four crystallographically independent Fe 
sites are shown with different colors in the structure (Fe1, brown; Fe2 yellow; Fe3 green; Fe4 red). O 
atoms are represented in dark blue. (b) Rietveld refinement (black solid line) of the synchrotron x-ray 
pattern of -Fe2O3 collected at 300K (red circles: experimental points; bottom blue line: difference). 
The top row of bars (in red) corresponds to -Fe2O3, while the bottom row (in blue) is for hematite 
(- Fe2O3, 2% weight). The inset shows an enlarged view of the high-angle region.    
 
 
III-a Magnetometry 
The temperature dependence of the ZFC and FC magnetization of the ε-Fe2O3 particles 
embedded in SiO2 is plotted in Fig. 2(a). Two ferrimagnetic regimes with very different 
magnetic behavior can be clearly distinguished below and above ~500 K (denoted FM2 and 
FM1 respectively). Remarkably, contrary to the scenario assumed in previous reports, the 
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ferrimagnetic FM2 phase does not become paramagnetic above 500 K. The M(T) evolution in 
Fig. 2 reveals a second phase transition, evidencing the existence of a new ferrimagnetic state 
(FM1) between 500 K and ~850 K. The transition temperature between FM1 and FM2 can be 
established at TN2 = 480 K by the lambda-shaped peak in the ac susceptibility vs temperature 
curve presented in the inset of Fig. 2(a). From the hysteresis loops at T > 500 K it can be 
clearly seen that FM1 presents a ferromagnetic behavior with finite net magnetic moment and 
coercivity, HC.  
 
 
Figure 2. (Color online) (a) FC (green) and ZFC (blue) dc magnetization curves (1 kOe) of the ε-
Fe2O3 nanoparticles embedded in SiO2 between 300 and 900 K. Inset: real part of the ac-susceptibility 
(h=4 Oe). (b) Temperature evolution of the coercive field (HC ; left axis) and net magnetic moment at 
50kOe (M[50kOe]; right axis). Inset: dependence of the Mr/M[50kOe] ratio. Hysteresis loops 
characteristic of (c) the FM2 phase and (d) the FM1 phase (note the different x- and y-scales in both 
figures, and the loops at 490 K and 650 K included in both panels for the sake of comparison).  
 
However, as can be seen in Fig. 2(b) there is a drastic collapse of the large HC (characteristic 
of FM2) and M[50 kOe] at TN2 = 480K (see Figs. 2(b)(c)). Moreover, upon heating, M[50 
kOe]  undergoes a Brillouin-type monotonic decrease up to 550 K, although the coercivity 
(and remanence, Mr) sharply drop well before this temperature, having practically vanished 
around ~480 K. Nevertheless, although HC shrinks by more than a factor 10 from HC ~16 
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kOe at RT, it remains moderate (~400 Oe) even at T >>500K (TN2) (see Fig. 2(d)). 
Importantly, from the evolution of the magnetic properties it can be established that the 
critical temperature of the FM1 phase is about TN1 ~ 850 K. Hence, although there is a drastic 
breakdown of the hard ferrimagnetic state at TN2 = 480 K, it does not give rise to a 
paramagnetic phase, but it is transformed into a new softer ferrimagnetic state.  
 
 
Figure 3. (a) Neutron patterns at selected temperatures in the range 
comprising the main magnetic peaks (011) and (002). (b) Square-root of the 
neutron integrated intensity of the strongest magnetic reflection (002). (c) 
Evolution of the neutron diffraction intensities above TN2 for the 
characteristic magnetic reflections. (d) Evolution of the ordered magnetic 
moments refined at Fe1d (brown), Fe2d (yellow), Fe3r (red) and Fe4t 
(green) sites in the structure.    
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III-b Neutron diffraction study of the successive ferrimagnetic phases 
To better understand the nature of the very high-temperature ferrimagnetic phase a systematic 
NPD study was performed. 
As can be seen in Fig. 3(a), the intensity of the magnetic peaks (011) and (002) progressively 
decreases as the temperature is increased from RT to 850 K. In agreement with the 
magnetization results, the intensity of the magnetic peaks remains finite even far above TN2. 
However, the temperature dependence of the integrated intensity of the (002) peak 
(proportional to the ordered moment), shown in Fig. 3(b), strongly differs from a Brillouin-
type evolution and exhibits the shape of a long magnetic tail that persists far beyond TN2. 
The magnetic structures and atomic ordered moments were fully analyzed using the neutron 
diffraction patterns at the two selected temperatures 305 K and 510 K. The former being 
representative of the ferrimagnetic phase FM2, and the second (above but close to TN2 = 480 
K) of the new ferrimagnetic phase FM1. Note that the magnetic reflections detected between 
TN2(=480 K) and TN1(~850 K) do not indicate changes in the extinction conditions or the 
translational symmetry.   
Possible magnetic or Shubnikov space groups compatible with the Pna21 symmetry and null 
magnetic propagation vector k = 0 were considered. It was found that the magnetic ordering 
adopts the same magnetic space group in the two ferrimagnetic phases, Pna’21’ [# 33.147, 
transformation to standard settings: (a, b, c; 0, 0, 0)] 25,27 . The Rietveld refinement of neutron 
patterns at 305 K (FM2 magnetic phase) and 510 K (FM1 magnetic phase) are plotted in 
Figure 4 and the results are summarized in Table II.  
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Figure 4. (Color online) Neutron Rietveld refinement (black line) of the NPD patterns for ε-Fe2O3 
obtained at 305 K (T<TN2 , FM2 ordering) and 510 K (TN2<T< TN1, FM1 ordering) (D2B, red circles: 
experimental points; bottom blue line: difference). Upper row of reflections correspond to the Pna21 
structure, the lower one to the magnetic ordered phase (Pna’21’). Goodness factors at 305 K (510K): 
RB=2.2 2.48(1.8), Rf=1.3 1.55(1.1), RMag=2.2 2.92(1.2), 2=1.27 0.31 (3.5). (Right) Schematic view 
of the FM1 (bottom) and FM2 (top) magnetic ordering at the same temperatures. Fe1d (brown), Fe2d 
(yellow), Fe3r (red) and Fe4t (green);, O (dark blue).  
 
 
Interestingly, despite the abrupt drop in the displayed by magnetization at TN2, there are 
ordered magnetic moments with very large mx components that steadily persist in the interval 
TN2(=480 K) < T < TN1(=850 K) (m, magnetic moment). Nevertheless, they are found 
selectively in Fe1d and Fe2d octahedral sites. These two Fe positions are magnetically robust 
and persist antiferromagnetically coupled above TN2. Their antiparallel ordered moments as 
refined at intermediate temperatures have been plotted in Fig. 3(d). Remarkably, the main 
difference detected between FM2 and FM1 orders concerns the high degree of magnetic 
disorder at the Fe3rO6 and Fe4tO4 sites. Neutron data did not allow us discern ordered 
moments at Fe3r and Fe4t sites independently, and their moments were kept (above TN2) 
identical and antiparallel, forcing mx[Fe3r]= -mx[Fe4t], in the neutron refinements. The 
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refined mx moments at these positions are also displayed in the Fig. 3(d), which shows the 
evolution of the ordered moments (mx) refined for the four Fe sites. In the high temperature 
phase the difference between the moments in one antiparallel pair (e.g. Fe3r/Fe4t) is smaller 
than our experimental error. At RT (305 K) the resultant net uncompensated moment ~0.2 
B/Fe (i.e. 14 emu/g) is in agreement with Ms values (net ferromagnetic signal) previously 
reported 10, 17. Therefore, at the FM2/FM1 (hard/soft) ferrimagnetic phase boundary, there is a 
clear disruption of the magnetic order of the iron spins occupying the tetrahedral Fe4t and the 
undistorted octahedral Fe3r sites. The small moment values refined at 510 K indicate that 
Fe3r and Fe4t sublattices are practically disordered above TN2. Likewise, the onset of 
magnetic ordering near 850 K is essentially driven by the AFM coupling of Fe spins in the 
more distorted octahedral positions (Fe1d and Fe2d). Fig. 3(d) clearly illustrates the 
anomalous evolution of the ordered moments at Fe3r/Fe4t sites. Most likely this evolution is 
the result of strong frustration effects between sublattices, which can be identified by the 
broad magnetic reflections at high temperatures. 
Using a molecular-field model, the appearance of spontaneous magnetization in the FM2 
phase of ε-Fe2O3 has been associated with the lower superexchange ZijJij values of the 
tetrahedral site, compared to those of octahedral sites.22 As can be seen in Fig. 3d the ordered 
moments at the Fe1d and Fe2d sites are larger than in the Fe4t tetragonal site in the whole 
range above room temperature, in concordance with the theoretical predictions. On another 
hand, our neutron diffraction results establish that the abrupt enhancement of the 
magnetization below TN2 takes place concurrently with the long-range ordering of Fe4t 
magnetic atoms occupying the tetrahedral site.          
 Interestingly, the new ferrimagnetic-paramagnetic boundary is shifted towards the upper 
characteristic ordering temperatures of ferrimagnetic iron oxides, 950 K for -Fe2O3, 940 K 
for γ-Fe2O3  and 853 K for Fe3O4, indicating that ε-Fe2O3 presents comparable magnetic 
coupling strengths. Notably, the NPD analysis unambiguously demonstrates that the ordered 
magnetic components are associated to ε-Fe2O3, ruling out the possibility that the magnetic 
response above 480 K might be due to impurities of the ferrimagnetic oxides mentioned 
above, which present a completely different set of magnetic reflections (see Fig. S1 of the 
Supplementary Material). Additionally, the fact that some of the magnetic peaks, although 
very broad, remain finite at 850 K may indicate the possible existence of a frustrated (with no 
long-range order) ferrimagnetic phase even above TN1, similar to other oxide systems.30 
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III-c Magneto-structural coupling at the ferrimagnetic transitions studied using 
synchrotron x-ray diffraction  
Magnetic ordering at high temperatures in ε-Fe2O3 concurs with significant magnetostructural 
and thermal expansion anomalies, as shown by the evolution of the orthorhombic cell 
obtained from SXRPD (Figure 5). The cell volume reveals an abrupt contraction (-0.1%) at 
about 500 K upon cooling from high temperature (Fig. 5(a)) with the appearance of the hard 
FM2 phase. The anomaly is also visible in the evolution of all three a(T), b(T) and c(T) cell 
parameters (Fig. 5(b)):  a and  b abruptly contract and c expands when Fe3r and Fe4t spins 
become long-range ordered (TN2). 
 
Figure 5. (a) Evolution of the unit-cell volume above room temperature obtained from SXRPD data. 
(b) Temperature dependence of the orthorhombic cell parameters in the 300-925 K range showing 
magnetostructural anomalies associated to the emergence of the FM1 and FM2 ferrimagnetic orders. 
(c) The linear thermal expansion coefficient i (i=b and c) derived from SXRPD data and ai(T) as      
i =1/li0 x dli/dT. The temperature dependence of the coefficients b(T) and c(T) are shown on the 
left- and right-axis respectively. Inset: a(T). 
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 In the Fig. 5(c) we plot the linear thermal expansion coefficients , deduced from i(T) as i 
=1/li0 x dli/dT (li : a,b,c), where li0 is the value of the li parameter (size of the unit cell along 
i:a,b,c) at 305 K. Interestingly, there are anomalous contributions to the lattice evolution 
which are concurrent with the magnetic transitions. On the one hand, the most prominent 
exchange-striction effects come up accompanying the hard/soft ferrimagnetic phase boundary 
(Fig. 2). Similarly, the evolution of b(T) in Fig. 5(c) also shows a significant anomaly in the 
range 700-825 K which could be caused by the appearance of magnetic order at Fe1d and 
Fe2d sites in the FM1 phase, which is in concordance with  the small deviation observed in 
b(T) near ~800 K (Fig. 5(b)). Note that the exchange-striction effect at TN1 provides further 
evidence that the magnetic properties between 480 K and 850 K do not originate from 
impurities, but from the FM1 phase of ε-Fe2O3.   
 
In this way, although both ferrimagnetic phases exhibit the same magnetic space group 
(Pna'21' (n. 33.147)) and moment orientation (parallel to a), the observed magnetostructural 
response is very different in both transitions. The origin of these differences should correlate 
with the dissimilar character of each of the phases (i.e., fully ordered FM2 vs partially 
frustrated FM1).   
 
IV. CONCLUDING REMARKS 
In the preceding sections we have investigated the puzzling magneto-structural properties 
of polycrystalline ε-Fe2O3 above room temperature. Contrary to the scenario proposed in 
the literature, magnetic order in this magnetoelectric Iron (III) polymorph does not 
disappear at the hard-ferrimagnetic transition near 480 K. We have shown that a second 
ferrimagnetic phase (FM1) persists up to much higher temperatures (near 850 K). The 
hard ferrimagnetic FM2 phase (holding giant coercivity presumably stimulated by a 
nonzero orbital angular moment) is transformed to a different ferrimagnet state, FM1, with 
a much smaller ferromagnetic component and coercivity. Both magnetic orders adopt the 
magnetic space group Pna'21' (n. 33.147), where the main difference between them is the 
disruption of the magnetic order associated to the Fe3r and Fe4t magnetic atoms. Above 
480 K, the iron spins at the sublattices that occupy the regular octahedra Fe3O6 and Fe4O4 
tetrahedra can hardly keep their antiparallel magnetizations and become rapidly 
disordered. Consequently, the spontaneous FM magnetization that was sustained by the 
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different magnetic moments in these antiparallel sublattices in FM2 quickly vanishes in 
FM1. Thus, the small FM component persisting up to TN1 ≈ 850 K results from a slightly 
dissimilar magnetization at the antiparallel Fe1d and Fe2d sublattices. Hence, we have 
demonstrated that the ferrimagnetic-paramagnetic phase boundary in ε-Fe2O3 is TN1 ~850 
K. This temperature is similar to the Curie point in other iron oxides, confirming 
comparable magnetic coupling strengths. This may open the door to further expand the 
working range of this multifunctional iron oxide. In fact, these new findings may be an 
indication that the presumed multiferrroic properties of -Fe2O3 at room temperature 
actually could persist and extend also into the new ferrimagnetic FM1 phase.  
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Table I. Atomic coordinates of  ε-Fe2O3 obtained from SXRPD at 300 K and 510 K. 
 T=300 K T=510 K 
Atoms x y z       x         y          z 
Fe1 
Fe2 
Fe3 
Fe4 
O1 
O2 
O3 
O4 
O5 
O6 
0.1947(5)      0.1497(3)    0.5806(2) 
0.6828(3)      0.0323(2)    0.7921(3) 
0.8083(3)      0.1592(2)    0.3062(2) 
0.1816(5)      0.1538(3)    0.00000 
0.9754(13)    0.3276(5)    0.4340(5) 
0.5112(13)    0.4933(8)    0.4187(9) 
0.6537(15)    1.0011(7)    0.1895(5) 
0.1624(14)    0.1622(8)    0.1956(4) 
0.8449(15)    0.1657(8)    0.6680(5) 
0.5286(13)    0.1590(9)    0.9375(6) 
0.1928(6)      0.1499(4)      0.5813(2) 
0.6823(4)      0.0314(2)      0.7918(3) 
0.8105(4)      0.1583(2)      0.3079(2) 
0.1819(6)      0.1542(4)      0.00000 
0.9739(14)    0.3281(6)      0.4345(6) 
0.5030(14)    0.4907(9)      0.4227(13) 
0.6533(18)    0.9990(8)      0.1859(5) 
0.1614(16)    0.1608(8)      0.1959(4) 
0.8450(17)    0.1669(10)    0.6698(5) 
0.5386(14)    0.1654(10)    0.9366(7) 
 a=5.0967(2)  b=8.7953(3)  c=9.4770(3) a=5.1133(2)  b=8.8163(4)  c=9.4822(4) 
Agreement factors for SXRPD pattern at 300 K (510 K):  RB=1.35(1.31), Rf=1.04(1.01), 
RMag=4.45(4.48), 2=4.6 (4.8) 
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Table II. Magnetic groups and refined magnetic moments in the ferrimagnetic  FM1 
(TN1) and FM2 (TN2) phases. The d, r and t labels of the four iron sites refer to 
distorted, regular and tetrahedral polyhedra, respectively). The goodness factors are 
given in Fig. 3.      
Temperature 300 K   510 K 
Magnetic 
Space Group 
Pna'21' (n. 33.147) Pna'21' (n. 33.147) 
Transformation to 
standard setting (a, b, c; 0, 0, 0) 
Fe atoms in 
the 
asymmetric 
unit 
Coordinates Expressed in parent Ort. setting: 
 Fe1d  (0.193, 0.149, 0.581) 
 Fe2d  (0.682, 0.031, 0.792) 
 Fe3r   (0.809, 0.158, 0.307) 
 Fe4t   (0.181, 0.153, 0.000) 
Magnetic 
phase 
FM2 FM1     
Refined 
moments 
 
mx[Fe1d]=  3.6(1) B/Fe 
mx[Fe2d]= -3.6(1) B/Fe 
mx[Fe3r]= -2.5(1) B/Fe 
mx[Fe4t]=  2.7(3) B/Fe 
 
mx[Fe1d]= 3.1(1) B/Fe 
 mx[Fe2d]= -3.1(1) B/Fe 
mx[Fe3r]= -0.9(2) B/Fe 
           mx[Fe4t]=  0.9(3) B/Fe 
 
Magnetic 
structure 
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